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Designing beam splitting structures with wide branching angles is of great significance. The
branching angle of conventional Y-junctions is limited. In this paper, we investigate the possibility
of utilizing gradient index (GRIN) lenses with two focal points such as the generalized Maxwells
fisheye (GMFE) and Eaton lenses in controlling the branching angle of power splitters. The GMFE
lens can provide a wide range of branching angles, however, we present only splitting angles of
25◦, 45◦, and 65◦. Furthermore, we propose a 90◦ splitter structure by employing the Eaton lens.
We evaluate the performance of the proposed power splitters by ray-tracing and full-wave finite
element method. While GRIN lenses provide a broad range of splitting angles, they require isotropic
metamaterials to implement high refractive indices at the center of these lenses.
I. INTRODUCTION
Splitting and combining the optical signals in pho-
tonic integrated circuits (PICs) rely on power splitters.
Power splitters or Y-branch structures are the key ele-
ments in Mach-Zehnder interferometers, optical switches,
optical phase arrays, mode multiplexers, semiconductor
lasers, samplers, logic gates, and hybrid-integrated op-
tical transceivers [1–4]. The branching angle of conven-
tional power splitters is usually lower than 12◦ [5]. The
conventional power splitters suffer from severe radiation
loss as the branching angle increases. Reducing radia-
tion loss can be achieved by decreasing the branching
angle and increasing the length of the splitting struc-
ture, resulting in a larger footprint [6]. Various meth-
ods have been studied to control the branching angle
of splitters. T-junctions have been implemented based
on the left-handed properties of the metamaterial [7, 8].
Transformation optics (TO) offers unprecedented control
over the flow of electromagnetic fields [9]. Beam split-
ters with various branching angles have been designed
by TO [10–14]. These designs are usually implemented
by anisotropic metamaterials. Recent advances in meta-
materials and nanofabrication techniques have turned the
attention of researchers to the classical GRIN lenses such
as Maxwells fisheye [15, 16], Luneburg [17, 18], and Eaton
[19, 20] lenses. In this paper, we present novel optical
power splitters by employing GRIN lenses with dual fo-
cal points. These lenses provide a flexible structure which
could be considered as a proper choice for a wide range
of splitting angle. Splitters with branching angles of 25◦,
45◦, and 65◦ are presented by the GMFE lens while a
90◦ branching angle is designed by the Eaton lens. The
cost of this fle xibility is a high refractive index at the
center of the lens which requires isotropic metamateri-
als in the fabrication process. On the other hand, the
splitters designed by TO require anisotropic metamate-
rials. The proposed splitters are evaluated by ray-tracing
and full-wave simulations. Recently, the performance of
the GMFE as a beam splitter has been studied in the
GHz range [21] where a point source is used to evaluate
the performance of the lens. A point source can only
be a valid estimate of the performance of the GMFE
lens as waveguide splitter if only the radius of the lens
is considerably larger than the width of the waveguides.
Therefore, we take a different approach by using an array
of point sources in ray-tracing simulations to achieve a
more reliable result. Moreover, conditions for maximum
transmission and minimum reflection are discussed.
II. GMFE LENS AS SPLITTER
Maxwells fisheye (MFE) lens is a circular lens of radius
Rlens with refractive index profile of
nlens(r) =
2× nedge
1 + (r/Rlens)2
, (0 ≤ r ≤ Rlens) (1)
where r is the radial distance from the center of the
lens, and nedge is the refractive index of the lens at its
edge. When rays leave a point source on the edge of the
MFE lens, they are focused to the diagonally opposite
point of the lens. The MFE lens can be generalized to
have two focal points. The refractive index profile for
this lens is [22]
nlens(r) =
2× nedge
(r/Rlens)
1−m
+ (r/Rlens)
1+m , (0 ≤ r ≤ Rlens)
(2)
where m is a variable parameter. Eq. (2) reduces to
Eq. (1) for m = 1. For 0.5 ≤ m ≤ 1, the GMFE lens
splits the rays emitting from a point source on its edge
into two points on its edge. For m = 0.5, the lens fo-
cuses the rays back to its source after a single revolu-
tion around the center [23]. For three values of m, the
ray diagrams are shown in Fig 1. By decreasing m, the
angular separation between the focal points as well as
the refractive index of the lens increases. The refrac-
tive index of the GMFE approaches to infinity at the
center. Therefore, we limit the refractive index profiles
in the figures presented in this paper in order to make
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2FIG. 1. Ray trajectory based on a point source for GMFE
lenses with a) m = 0.95, b) m = 0.87, and c) m = 0.80.
them more distinguishable for the readers. In subsec-
tion II A, we present ray-tracing calculation results for
three branching angles. And in subsection ‘II B, the two-
dimensional (2D) full-wave simulations are presented for
the same structures.
A. Geometrical Optics
In this section, ray-tracing calculations are performed
with Comsol Multiphysics to validate the proposed split-
ters. Three splitters with branching angles of 25◦, 45◦,
and 65◦ are presented by the GMFE lens in Fig 2. In
this study, we suppose a 250nm-thick SiN guiding layer
which is surrounded by SiO2 substrate and upper air
cladding. The effective refractive index of this waveg-
uide is about 1.57. In two-dimensional (2D) simulations,
we consider a waveguide with ncore = 1.57 which is sur-
rounded by air. For reducing reflection from the interface
of the waveguide and lens, the refractive indices of the
waveguides core (ncore) and the edge of the lens should
be equal. Therefore, minimizing the reflection is achieved
by considering nedge = 1.57 in Eq. (2). The radius of the
lens is Rlens = 4µm while the width of the source waveg-
uide is 2µm. And the width of branching waveguides is
1µm . A point source may be a reasonable approxima-
tion for an input waveguide with a very narrow width.
Therefore, in Fig 2, an array of point sources located in
the core of the waveguide is used to accurately evaluate
the performance of the GMFE lens as a splitter. It should
be noted that, while the refractive index profiles of the
lenses are the same in Fig 1 and 2, the splitting angles
differ due to the difference between the light sources. For
instance, the branching angle in Fig 1(c) is 90◦ while it is
65◦ in Fig 2(c). Therefore, a single point source cannot
be used to determine the branching angle of the lenses,
and an array of point sources in the core of the waveguide
should be employed to design waveguide splitters.
As seen in Fig 2, the rays are limited to a small area
of the lens, therefore, the lens can be truncated without
any degradation of its performance. This truncation re-
duces the footprint of the splitters considerably. Fig 2(a)
corresponds to a truncated lens with m = 0.95 where
the splitting angle is 25◦. The splitting angle can be in-
creased by reducing m. The splitting angle is 45◦ and
65◦ for m = 0.87 and 0.80, respectively.
FIG. 2. Three splitters based on GMFE lenses with branching
angles of a)25◦ b)45◦, and c)65◦ determined by an array of
point sources.
FIG. 3. The circular lenses of Fig 2 are truncated to reduce
the footprint of the beam splitters. The branching angles are
a) 625◦ b) 45◦, and c) 65◦..
FIG. 4. Full-wave simulation results at the wavelength of
1550nm for the splitting angle of 25◦ with the a) complete
GMFE lens, b) truncated GMFE lens, and c) without lens.
B. Wave Optics
In this section, the 2D finite element method (FEM)
simulations of the designed structures for the TE mode
are presented at the wavelength of 1550nm. We evalu-
ate the performance of the proposed splitters based on
their splitting efficiency (Psplit/Pin). Psplit is the power
that transmits through each branching waveguide while
Pin is the power entering the splitting structure. For the
splitter with m = 0.95, where the branching angle is 25◦,
the full-wave simulation results of the complete and trun-
cated lenses are displayed in Fig 4. The splitter based on
the complete lens with splitting efficiency of 32% is shown
in Fig 4(a). The splitting efficiency of the truncated lens
displayed in Fig 4(b) is 33%. We also investigate the
performance of the splitting structure without the lens
in Fig 4(c). In this case, the splitting efficiency is 35%
which is slightly better compared to the splitting struc-
tures of complete and truncated lenses. In low branching
angles, the splitting structures based on lenses are not
effective compared to the simple Y-junctions.
For the splitting structure with m = 0.87, the results
of the full-wave simulations are shown in Fig 5. In this
design, the simulation results of complete and truncated
3FIG. 5. Full-wave simulation results at the wavelength of
1550nm for the splitting angle of 45◦ with the a) complete
GMFE lens, b) truncated GMFE lens, and c) without lens
FIG. 6. Full-wave simulation results at the wavelength of
1550nm for the splitting angle of 65◦ with the a) complete
GMFE lens, b) truncated GMFE lens, and c) without lens
lenses with the branching angle of 45◦ are displayed in
Fig 5(a) and Fig 5(b), respectively. The splitting effi-
ciency of 29% is achieved for the complete lens of Fig 5(a).
The truncated lens of Fig 5(b) has the splitting efficiency
of 22%. Wave propagation and the splitting performance
of the structure without lens is shown in Fig 5(c). In this
case, due to the fact that the optical signal is converted to
higher mode, the splitting efficiency is 8%. As expected,
the performance of the Y-junction without lens degrades
considerably as the branching angle increases.
For the splitter of Fig 3(c), the results of simulations
are shown in Fig 6. This structure comes with m = 0.80
and a branching angle of 65◦. Simulations for both the
complete and truncated lenses are carried out. The split-
ter based on the complete lens with splitting efficiency of
35% is shown in Fig 6(a). For the truncated lens, shown
in Fig 6(b), the efficiency is 29%. We also investigate
the performance of the splitting structure without the
lens in Fig 6(c) where the splitting efficiency is 0.2%.
The performance of splitting structure without lens de-
creases meaningfully because the light wave propagates
in a straight trajectory due to the lack of a suitable split-
ting structure.
III. EATON LENS AS SPLITTER
The Eaton lens can bend the light waves trajectory by
90◦, 180◦, or 360◦. For a 90◦ bend, the refractive index
of the Eaton lens is given by [19–24]
n2lens =
Rlens
nlensr
+
√(
Rlens
nlensr
)2
− 1 (3)
FIG. 7. Eaton lens as T-junction. a) ray trajectories for the
Eaton lens. Full-wave simulation result at the wavelength of
1550 nm for the b) complete lens and c) truncated lens.
The refractive index of the lens ranges from unity at its
edge to infinity at the center of the lens. Minimizing the
insertion loss is achieved by matching the refractive in-
dices at the interface of the waveguides and the lens, thus
the calculated is multiplied by ncore. When an off-center
beam is incident on the Eaton lens, power beam propa-
gates inside the lens along a 90◦ bending path which can
be used to design waveguide bends [19, 20]. On the other
hand, when an on-center beam is incident on the lens, it
behaves like a T-junction [25]. As shown in Fig 7(a), an
array of point sources covers a width of the waveguide
core in ray-tracing calculations. Full-wave simulation re-
veals that for the splitting structure with the complete
lens, the maximum splitting efficiency of 30% is achieved
when the branching angle is 80◦. However, for a branch-
ing angle of 90◦ with the truncated lens, the splitting
efficiency of 41% is achieved.
GRIN lenses have been implemented by graded pho-
tonic crystals [26, 27], multilayer structures [28], vary-
ing the guiding layer thickness [29]. However, the pro-
posed splitters cannot be implemented by these meth-
ods due to the extreme values at the center of the lenses
and isotropic metamaterials should be used to implement
these splitters.
IV. CONCLUSION
In summary, we investigated the possibility of design-
ing power splitters for moderate index-contrast waveg-
uides based on GRIN lenses. We designed splitters with
branching angles of 25◦, 45◦, and 65◦ based on com-
plete and truncated GMFE lenses. We also truncated the
Eaton lens to design a 90◦ splitter. The GRIN lenses help
to achieve a wide range of branching angles, however, this
flexibility comes at the price of large values of refractive
indices at the center of the lenses. The designed split-
ting structures cannot be implemented by conventional
methods and they should be implemented by isotropic
metamaterials. The advantage of the proposed designs
compared to the TO-based splitters is the use of isotropic
metamaterials instead of anisotropic metamaterials.
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